Recombinant adenoviral vectors are being used extensively for gene transfer. During the construction of an E1-deleted virus expressing the human B7-1 gene, an aberrant recombinant (Ad.ihB7-1) arose with an unusual 5Ј sequence. Characterization and sequencing of Ad.ihB7-1 showed that its structure was the result of both homologous and nonhomologous events. The most striking features of the construct were the incorporation of bacterial genomic DNA, an additional inverted terminal repeat, and portions of E1a. The appearance of this construct has implications for vector design and indicates the need for careful analysis and characterization of recombinant adenoviral vectors for clinical use.
R ecombinant mammalian viruses have been shown to be effective vectors for gene transfer and are now being tested in human clinical applications. 1 Viruses have evolved efficient means of DNA encapsidation, cell entry, and gene expression. Furthermore, modifications can be made to render them suitable and safe for human gene therapy applications. A number of viruses have been engineered for use as gene therapy agents, including herpes simplex virus, human and murine retroviruses, adeno-associated virus, vaccinia virus, and adenovirus. 2 Recombinant adenoviral vectors (rAds) offer a number of advantages over other viral vectors. They are able to transduce both dividing and nondividing cells, have very low pathogenicity, can be prepared in high titers, efficiently transduce a wide range of cells, and can be easily manipulated. 3 The rAds used in human applications are typically E1-deleted, E3-deleted, or both, with the transgene usually positioned in E1. 4 E1-deleted viruses are replication-defective and must be propagated on cell lines that can transcomplement for these missing functions (e.g., 293 cells). Newer generations of rAds have more extensive deletions or alterations of E2 or E4. 5 rAds are produced by homologous recombination between a plasmid that carries the transgene and associated regulatory elements and a viral genome that has been altered previously (e.g., alterations or deletions in E2, E3, or E4). The viral genome used in the cotransfection is further altered to prevent its replication in the absence of recombination with plasmid DNA. This is often accomplished by removal of the 5Ј inverted terminal repeat (ITR) and packaging sequence by restriction digestion. Recombination between the viral genome and plasmid DNA replaces portions of the viral genome with plasmid DNA containing the transgene and restores the packaging sequence in the rAd construct. 6 This method of producing rAds is effective; however, it allows for the possibility of producing unwanted recombinant viruses at several points during production. The use of cell lines to transcomplement deleted gene products (e.g., E1 and E4) during propagation of the replication-defective rAd is necessary but imposes a growth disadvantage for rAds compared with wild-type (wt) viruses or replication-competent adenoviruses (RCAs). The copy number of transcomplementing genes in cell lines (e.g., E1 gene in 293 cells) is lower than the copy number of these genes in cells infected with RCA or wt virus. Therefore, production of these gene products may become rate-limiting for rAd propagation. RCA and wt virus do not have this restriction and, therefore, have a growth advantage over rAds. Contamination of rAd stocks by RCA or wt virus will result in increasingly higher proportions of contaminant over rAds during serial passage due to this growth advantage. 7 The ability of adenoviral DNA to undergo homologous recombination events may be a product of the mechanism of viral DNA replication. Adenovirus replication produces single-strand templates that may invade duplexes, ejecting the resident strand. The recombinatorial intermediates are then resolved by host cellular enzymes, resulting in recombinant products. 8 The ease with which viral DNA recombines may allow unwanted recombinations in addition to those intended to produce the desired rAd. The transcomplementing viral genes present in the propagating cell line may contain additional flanking viral DNA. For example, the 293 cell line, which is the most commonly used packaging cell line, was created by transfecting randomly sheared viral DNA into human embryonic kidney cells. 9 This resulted in the incorporation of 4.3 kilobases (kb) of the 5Ј end of adenovirus type 5 (Ad5), including the ITR, E1a, E1b, and part of protein IX into the cellular genome. 10 Although only the E1 sequences are needed to support the propagation of E1-deleted rAds, the additional viral DNA in the cellular genome provides areas for recombination with the rAd. The potential consequences of these unwanted recombinations are the formation of RCAs, loss of transgene function, or introduction of nonfunctional DNA. The "ideal" transcomplementing cell line for E1-deleted rAd would contain only E1a and E1b.
The rAd may be further disadvantaged by alterations of the genome size, which lead to inefficient packaging of rAd DNA into capsids. The intact Ad5 genome is 36 kb in length. Viable mutants have been constructed with lengths that are Յ105% of the wt genome. Recombinants with larger inserts grow slowly, if at all, and are unstable. 11 This can lead to a greater disparity in the growth rate of rAds compared with wt virus or RCA. The lower size limit for efficient packaging has also been described previously. 12 Parks and Graham 12 demonstrated a lower packaging limit of ϳ75% of the wt genome. Constructs over this size limit grow equally well; genome lengths below this limit grow poorly if at all.
We have characterized a rAd with an unusual 5Ј sequence that arose during the construction of an E1, E3-deleted adenoviral vector in 293 cells. The viral genome has been analyzed in detail to elucidate the mechanism by which it arose. This recombinant virus seems to be the product of both homologous and nonhomologous recombination events. The formation of this rAd demonstrates the instability of rAd genomes and the need to carefully characterize adenoviral vectors intended for human clinical trials.
MATERIALS AND METHODS

Construction of plasmids and rAds
The plasmid pAdCMVlink has been described previously. 13 Briefly, this plasmid consists of a multiple cloning site downstream of the cytomegalovirus (CMV) immediate early enhancer/promoter element in a plasmid containing portions of the 5Ј region of Ad5. A reverse transcriptase-polymerase chain reaction (PCR)-generated 958-base pair (bp) product of human B7-1 (hB7-1) cDNA was cloned into the pUC19 plasmid (pUC19hB7-1) and sequenced to confirm the identity of the PCR product. pAdCMVhB7-1 was constructed by cloning a BamHI/BglII restriction fragment of pUC19hB7-1 into the multiple cloning site of pAdCMVlink at the BglII restriction site (see Fig 3) . The mouse B7-1 cDNA was excised from pLL218 (a gift of Dr. Lewis Lanier, DNAX, Palo Alto, Calif) and subcloned into pUC19. pAdCMVmB7-1 was constructed by ligating a BglII/ClaI restriction fragment of pUC19mB7-1 into the large BglII/ClaI restriction fragment of pAdCMVlink.
Ad.ihB7-1 was constructed by coprecipitating pAd-CMVhB7-1, which was linearized by digestion with NheI, and dl7001 14 adenoviral genomic DNA, which was first digested with ClaI to remove the 5Ј ITR and packaging sequence, into 293 cells (American Type Culture Collection (ATCC), Manassas, Va). Ad.mB7-1 was constructed by the same method using pAdCMVmB7-1. Ad.lacZ consists of the ␤-galactosidase (␤-gal) gene under the control of a CMV-enhanced chicken ␤-actin promoter positioned in place of E1a and part of E1b in a partially E3-deleted viral genome, sub360. 15 
Flow cytometry
The hB7-1 was detected using a primary mouse monoclonal antibody against human BB1/B7 (Becton Dickinson, San Jose, Calif) and a secondary fluorescein isothiocyanate-conjugated, antigen-binding, fragment-specific antibody against mouse immunoglobulin G (Sigma, St. Louis, Mo). ␤-gal was detected with the substrate fluorescein di-␤-D-galactopyranoside (Molecular Probes, Eugene, Oreg) following the manufacturer's recommended protocol. Analysis was performed on a FACScan flow cytometer (Becton Dickinson).
Analysis of Ad.ihB7-1 for replicative ability
HeLa cells (ATCC) were cultured to near confluency in six-well dishes. Duplicate wells were transfected at a multiplicity of infection (MOI) of 50 based on plaque-forming units with dl7001, Ad.ihB7-1, or Ad.lacZ. After 2 days of incubation, one well from each transfection was analyzed by flow cytometry for either hB7-1 or lacZ as described above. The second well was harvested on day 3 and subjected to three cycles of freezing and thawing in 1 mL of 10 mM tris(hydroxymethyl)-aminomethane. Cell debris was removed by centrifugation, and 50 L of lysate from each transfection was used to transfect duplicate wells of a new six-well dish of HeLa cells.
Sequencing of Ad.ihB7-1 and pAdCMVhB7-1 and sequence analysis
Sequencing primers for Ad.ihB7-1 and pAdCMVhB7-1 were designed using MacVector DNA analysis software (Oxford Molecular, Oxford, UK). The position of the primers and the direction of sequencing are indicated in Figures 2 (Ad.ihB7-1) and 3 (pAdCMVhB7-1). Ad.ihB7-1 was digested by restriction endonuclease SpeI. DNA fragments were separated by electrophoresis in a 1% agarose gel. A 4-kb fragment was purified by ion exchange chromatography (Geneclean III, Bio 101, Vista, Calif) before sequencing. pAdCMVhB7-1 was grown in Escherichia coli strain DH5␣ (Life Technologies, Gaithersburg, Md) and purified by ion-exchange chromatography (Qiagen, Santa Clarita, Calif). All sequencing was done by the DNA Sequencing Facility of the Department of Genetics and Cancer Center of the University of Pennsylvania using a 377 or 373A Stretch sequencer (Applied Biosystems, Burnsville, Minn). Sequence analysis including open reading frame (ORF) determination was performed using MacVector DNA analysis software (Oxford Molecular).
PCR
Two oligonucleotides (F1, 5Ј-CGGTGGATTATGCGGCAAT-GAACG-3Ј; B1, 5Ј-TGTCGGAACAGGCAAAAAACGGACG-3Ј) were synthesized (CyberSyn, Lenni, Penn) that aligned to sequences in the E. coli genomic fragment found in Ad.ihB7-1 (Fig 2) This combination of oligonucleotides when used in a PCR reaction will amplify a segment of DNA that is 403 bp in length. PCR reactions were performed with 30 ng of DNA using a cycling program of 95°(30 seconds), 58°(30 seconds), and 72°(30 seconds). A total of 30 cycles was performed followed by an additional elongation step at 72°(5 minutes). All reactions in a given experiment were performed concurrently using the same mixture of enzyme, buffer, MgCl 2 , and primers with tubes containing water instead of DNA as negative controls for contamination. PCR products were analyzed using agarose electrophoresis.
Southern blot analysis of pAdCMVhB7-1 pAdCMVhB7-1 was digested with the restriction endonucleases MscI, BglII/NruI, EcoRI/EcoRV, EcoRI/NruI, EcoRI/ SphI, and EcoRI/StuI. Ad.ihB7-1 DNA was digested with SspI as a positive control. Restriction fragments were separated by agarose electrophoresis and transferred to a charged nylon membrane (Boehringer Mannheim Biochemicals, Indianapolis, Ind). The 403-bp PCR product described above was random primer labeled (Prime-It II, Stratagene, La Jolla, Calif) with [ 32 P]deoxyadenosine triphosphate and used as a probe. Autoradiograms were developed after 16 and 54 hours of exposure.
Competition assay
Initially, adenoviral genomic DNA from Ad.mB7-1 and Ad.ihB7-1 was calcium phosphate-precipitated into 293 cells in duplicate dishes in molar ratios of 10:1, 1:1, and 1:10 (320 ng of total DNA per precipitation). Cells were incubated at 37°C for 7 days. Cell pellets were lysed by multiple freeze/thaw cycles, cell debris was removed by centrifugation, and adenoviral DNA was obtained by pronase digestion followed by phenol extraction and ethanol precipitation. A total of 10 g of the resulting DNA was digested with restriction endonuclease SpeI. Restriction fragments were separated by agarose electrophoresis and transferred to a charged nylon membrane (Boehringer Mannheim Biochemicals). A 642-bp restriction fragment of the CMV promoter from pAdCMVlink was random primer labeled (Prime-It II, Stratagene) with [ 32 P]deoxyadenosine triphosphate and used as a probe. PhosphorImager data were obtained after 18 hours and analyzed using ImageQuaNT software (Molecular Dynamics, Sunnyvale, Calif).
This experiment was subsequently repeated with 2.2 g of total DNA per precipitation. Separately, 3 g or 9 g of adenoviral DNA from each precipitation was digested with restriction endonuclease SpeI. Restriction fragments were separated by agarose electrophoresis and transferred to charged nylon membranes (Boehringer Mannheim Biochemicals). Positive controls consisting of the original DNA mixed in molar ratios of 1:10, 1:1, and 10:1 and digested with restriction endonuclease SpeI were used for this experiment. The resulting blots (one each for the set of 3-g and 9-g digests) were probed and analyzed as described previously.
RESULTS
Construction and functional characterization
We constructed an E1, E3-deleted rAd containing the hB7-1 gene under the control of the CMV immediate early enhancer/promoter. The rAd was constructed by cotransfecting adenoviral genomic DNA in 293 cells with a complete deletion of E3 (dl7001) and plasmid DNA containing the hB7-1 gene with its associated regulatory elements (pAdCMVhB7-1). The viral DNA was first digested with ClaI at a unique site in E1a (base pair 357 of E1a) to remove the cis-acting packaging element and 5Ј ITR, thus rendering the genomic DNA incapable of producing virions. The plasmid DNA was linearized using NheI to cut at a unique site 5Ј to the ITR prior to cotransfection. Cotransfection of these elements resulted in the replacement of the E1a gene of the virus with the transgene cassette from the plasmid, restoration of the packaging sequence, and replication in 293 cells.
Plaques arising from the initial cotransfection were expanded on 293 cells. The lysate from these expansions was used to infect HeLa cells. Transgene expression (hB7-1) was demonstrated by flow cytometric analysis (data not shown). Plaques that tested positive (4 of 13) were subjected to a second round of plaque purification. The plaque whose expanded lysate resulted in the highest percentage of transduced cells after the second round of plaque purification was expanded and purified into a vector seed stock. Subsequent preparations of virus (Ad.ihB7-1) were made from this original stock.
The ability of Ad.ihB7-1 to express functional hB7-1 was assessed in a T-cell proliferation assay as described previously. 16 In the presence of a primary signal through the T-cell receptor, T cells exposed to a second, costimulatory signal will proliferate. B7-1 provides this costimulatory signal through binding to the CD28 receptor on the T cell. Melanoma cells transduced with Ad.ihB7-1 but not Ad.lacZ were capable of stimulating T-cell proliferation, indicating that biologically active hB7-1 was being produced. 16 Thus, this recombination procedure produced a rAd with the desired functional characteristics.
Determination of sequence and sequence analysis After the initial construction and functional characterization of Ad.ihB7-1, restriction digestions using a variety of endonucleases were performed to verify the organization of the rAd (Fig 1) . The presence of the transgene was indicated by digestion with NotI. The restriction endonuclease SpeI is expected to digest Ad.ihB7-1 at two locations and should result in a 2-kb piece containing the 5Ј region of the vector, a 5.8-kb piece containing the 3Ј end, and a 24-kb piece. Digestion with SpeI, however, resulted in the formation of a 4-kb band instead of the 2-kb band. This change in band size (from the predicted sequence) indicated that additional DNA was present at the 5Ј end of Ad.ihB7-1. Further digestions with the restriction endonucleases BglII, EcoRV, and SnaBI localized this additional sequence to a region 5Ј to the hB7-1 cDNA.
The 4-kb SpeI fragment containing the 5Ј region of Ad.ihB7-1 was then sequenced from the 5Ј end to base pair 89 of the hB7-1 cDNA. Primer sequences and positions are indicated in Figure 2 . The entire vector sequence could be identified through comparison with published sequences. The components of Ad.ihB7-1 are depicted in Figure 2 and consist of base pairs 1-863 of Ad5 (including base pairs 1-304 of E1a), base pairs 129011-130201 of E. coli minutes 9 -11 (GenBank accession number U82664), and the predicted sequence of NheI-linearized pAdCMVhB7-1. Whereas the total length of the anticipated rAd was 32 kb, the actual construct is 34 kb in length.
Using this sequence, ORFs were identified using start and stop codons on both strands for the region including base pairs 1-863 of Ad5, the E. coli fragment, and the beginning of the predicted sequence of NheI-linearized pAdCMVhB7-1. A total of 13 ORFs were identified in this region, ranging in size from 25 to 296 amino acids (aa) in length. Three of these ORFs are unique to this construct because they span the junction between either base pairs 1-863 of Ad5 and the E. coli fragment or the E. coli fragment and the predicted sequence of NheIlinearized pAdCMVhB7-1. On the plus strand, ORF1 begins with the start codon for E1a, continues through the first 101 aa of E1a, and extends for an additional 92 aa into the E. coli fragment. On the minus strand, ORF2 begins with the start codon and first three amino acids in the predicted sequence of NheI-linearized pAdCMVhB7-1 and extends for 293 aa into the E. coli fragment. This ORF includes a hypothetical but innominate protein that is identified in the GenBank entry for E. coli minutes 9 -11 (GenBank accession number U82664). Also on the minus strand, ORF3 begins with the start codon and first 104 aa of a protein identified in the GenBank database as similar to the carbamate kinase of Pseudomonas aeruginosa and extends an additional 22 aa into base pairs 1-863 of Ad5. Final sequence of Ad.ihB7-1 with the components of the cotransfection from which it was made (pAdCMVhB7-1 and dl7001) and the Ad5 sequences in the 293 cell genome. I, ITR; E. coli, base pairs 129011-130201 of E. coli minutes 9 -11 (GenBank accession number U82664); CMV, CMV immediate early enhancer/promoter; IX, adenovirus protein IX; and hB7-1, hB7-1 cDNA. Arrows indicate the primers used for sequencing (1) (2) (3) (4) (5) (6) (7) (8) or PCR (B1, F1) . Primer sequences are: 1, 5Ј-ATGGTGATGTTCCCTGCCTC-3Ј; 2, 5Ј-ATATAGACCTCCCACCGTA-CACGC-3Ј; 3, 5Ј-GCGTTACTATGGGAACATACG-3Ј; 4, 5Ј-TCATCCATCCTCTGCTTG-3Ј; 5, 5Ј-TTACGCCAGTTTCGTCAC-3Ј; 6, 5Ј-GCACTT-TGTTCATGCTCTG-3Ј; 7, 5Ј-GGGGATGATTGGCTATATG-3Ј; 8, 5Ј-AAACGCCAACTTTGACCC-3Ј; B1, 5Ј-CGGTGGATTATGCGGCAAT-GAACG-3Ј; and F1, 5Ј-TGTCGGAACAGGCAAAAAACGGACG-3Ј. In addition, selected restriction enzyme digestion sites are indicated.
PCR, sequence, and Southern blot analysis of pAdCMVhB7-1
for the presence of the E. coli fragment. We hypothesized that the E. coli fragment found in Ad.ihB7-1 immediately upstream of the ITR of pAd-CMVhB7-1 (see Fig 2) originated from E. coli genomic DNA contaminating large-scale preparations of pAd-CMVhB7-1. We designed primers based on the sequence of Ad.ihB7-1 (positions are indicated in Fig 2) to detect this fragment in the plasmid stock. We tested the plasmid from which pAd-CMVhB7-1 was derived (pAd-CMVlink) and a number of plasmids based on pAd-CMVlink. Using the same PCR reaction, we also tested the components of the cotransfection experiment that were used to create Ad.ihB7-1. The E. coli DNA sequence could not be detected by PCR in the 293 cell genomic DNA, salmon sperm DNA, N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid-buffered saline, CaCl 2 , or ClaI-digested dl7001 DNA. However, all of the plasmid stocks of pAdCMVhB7-1 tested contained this fragment, as indicated by the 404-bp product obtained (data not shown).
Next, we partially sequenced pAdCMVhB7-1 to localize the E. coli fragment. The locations of the sequencing primers are indicated in Figure 3 . The E. coli fragment that is present in Ad.ihB7-1 was not located in the sequenced region of pAdCMVhB7-1, and restriction digestions showed that it is also not present in the unsequenced part of pAdCMVhB7-1 (data not shown).
The E. coli fragment was not located through the sequencing of pAdCMVhB7-1; therefore, we attempted to localize this fragment through Southern blot analysis. We used a randomly labeled 500-bp PCR product of this region in Ad.ihB7-1 as a probe. Despite effective labeling of the positive control, only faint bands in lanes containing plasmid DNA were detectable (data not shown). This indicates that the E. coli fragment is not incorporated into pAdCMVhB7-1. Therefore, E. coli genomic DNA contaminating the plasmid stock appears to be the source of the E. coli DNA fragment, which was subsequently incorporated into Ad.ihB7-1.
Characterization of replicative ability
The ability of Ad.ihB7-1 to replicate in nontranscomplementary (E1-negative) cell lines was assessed in HeLa cells. Replication can be detected qualitatively by the ability of lysate from initially transfected cells to transduce a second population of cells. If Ad.ihB7-1 is replication-competent (by incorporation of a functional E1), lysate from cells infected with Ad.ihB7-1 should be able to transduce other cells to express B7-1. The ability of Ad.ihB7-1 to replicate was compared with dl7001 (which is known to be replication-competent) and Ad.lacZ (which is E1-deleted and free of RCAs).
Two plates of HeLa cells were each infected at an MOI of 50 based on plaque-forming units with dl7001, Ad.lacZ, or Ad.ihB7-1. One plate infected with each virus was observed for the development of cytopathic effect (CPE) over 3 days, whereas the second plate was assessed at 72 hours by flow cytometry for the presence of transgene (either ␤-gal or hB7-1). HeLa cells infected with dl7001 or Ad.ihB7-1 developed a complete CPE within 48 hours, whereas cells infected at the same MOI with nonreplicating Ad.lacZ did not develop CPE. Both hB7-1 and ␤-gal were detectable by flow cytometry (Table 1) .
Lysates were created by repeated freeze/thawing of transduced HeLa cells and were used to transduce two sets of plates of fresh HeLa cells. These new HeLa cells were treated as described above. Only those cells infected with dl7001 lysate developed CPE. Cells infected with lysates containing either Ad.lacZ or Ad.ihB7-1 did, however, express transgene protein that was detectable by flow cytometry (Table 1) .
Lysates from the second round of infection were used to infect two sets of plates of fresh HeLa cells and were treated as described above. Again, cells infected with dl7001 lysate were the only ones to develop CPE, and cells infected with lysate containing Ad.lacZ or Ad.ihB7-1 did not have detectable levels of transgene expression at this stage (Table 1) . These results indicate 
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that Ad.ihB7-1 is not fully replication-competent, despite the presence of a portion of the E1a ORF.
Competition assay to detect a growth advantage of Ad.ihB7-1 We hypothesized that the incorporation of additional DNA, including part of E1a, could impart a growth advantage to Ad.ihB7-1 compared with the desired rAd (Ad.hB7-1). This potential growth advantage could be due to the expression of one of the unique ORFs, particularly ORF1, which contains part of E1a, or due to the more efficient packaging of a genome size closer to that of wt Ad5. The Ad.ihB7-1 genome is 34 kb or ϳ95% of the Ad5 genome. In contrast, the Ad.hB7-1 genome that we were attempting to construct is 32 kb or 89% of the Ad5 genome. We compared the growth characteristics of Ad.ihB7-1 and Ad.mB7-1 in 293 cells using a competition assay. Ad.mB7-1 differs from Ad.hB7-1 by only 24 bp. Thus, Ad.mB7-1 is a suitable substitute for Ad.hB7-1 in comparison with Ad.ihB7-1. Initially, Ad.mB7-1 and Ad.ihB7-1 genomic DNA was precipitated into 293 cells in duplicate in molar ratios of 10:1, 1:1, and 1:10 (320 ng of total DNA per precipitation). This experiment was then repeated with 2.2 g of total DNA per precipitation. The noncellular DNA isolated at the time of CPE was then analyzed by Southern blot analysis. Quantification of the PhosphorImager data acquired from these experiments showed no significant difference between the ratios of input and output virus (data not shown). Therefore, no growth advantage for Ad.ihB7-1 was seen.
DISCUSSION
We have characterized an aberrant viral construct that arose during the construction of an E1, E3-deleted rAd expressing the hB7-1 gene. Ad.ihB7-1 produced functional transgene as indicated by a T-cell costimulation assay and flow cytometric analysis of transduced cells. However, restriction analysis showed an insertion of additional DNA upstream of the transgene. More detailed sequence analysis led to the identification of all elements comprising this upstream insertion. This viral construct is unusual because it seems to be the result of both homologous and nonhomologous recombination events. The initial ITR and portion of E1a that are present in Ad.ihB7-1 were most likely derived from the 293 cells, because no other source of E1a exists among the elements of the original cotransfection. Lochmuller et al detected the emergence of E1-positive RCA in originally pure E1-negative/E3-negative rAd stocks after serial passage on 293 cells. They postulated that the RCA was the result of recombination between rAds and adenoviral sequences in the 293 genome. 7 A similar homologous recombination event is described by Hehir et al; 17 however, the resultant RCAs were Ad2/Ad5 chimeras, allowing the origin of each fragment to be determined by sequence analysis.
The addition of a portion of an E. coli genome and its position relative to the other components of Ad.ihB7-1 is the most striking feature of the vector construct. We hypothesized that this E. coli DNA originated from contaminating genomic bacterial DNA present in the plasmid stock used to generate Ad.ihB7-1. Detailed restriction mapping and sequencing of the majority of pAdCMVhB7-1 did not reveal the presence of this sequence. The map of pAdCMVlink, the plasmid from which pAdCMVhB7-1 is derived, also does not contain this E. coli genome sequence. We have analyzed preparations of pAdCMVlink and a number of plasmids based on pAdCMVlink, including pAdCMVhB7-1, by PCR for the presence of this E. coli fragment and have found this fragment in pAdCMVlink and all plasmids derived from pAdCMVlink. Southern blot analysis of pAdCMVhB7-1 using a PCR product from Ad.ihB7-1 as a probe revealed minimal hybridization of the probe to plasmid DNA. Taken together, these data indicate that the E. coli fragment is present as contaminating E. coli genomic DNA in all preparations of plasmid DNA and is detectable by sensitive PCR methods. Southern blot analysis, restriction digest, and sequencing fail to detect this sequence, because it is not incorporated into the plasmid DNA and is present in trace quantities. We recognize that this DNA could be a contaminant of any of the components of the cell system used to generate Ad.ihB7-1; however, the components of the cotransfection (salmon sperm DNA, dl7001, N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid-buffered saline, CaCl 2 , and 293 cell DNA) were all negative when tested by PCR. Thus, this sequence most likely originated in the plasmid stock of pAdCMVhB7-1 and was incorporated into the vector through nonhomologous recombination.
Other groups have reported the isolation of unanticipated mutant constructs that arose during the formation of rAds. Haj-Ahmad and Graham 18 characterized a rAd based on Ad5 that arose during the construction of an E1, E3 deletion mutant. This mutant (dlE1,3-1) consisted of a second copy of 2.6% of the 5Ј end of the Ad5 genome attached to a portion of pBR322, which was then linked to the 5Ј end of the desired rAd. During propagation, this additional segment transferred to the 3Ј end of the genome. The resulting mutant (dlE1,3-2) with additional segments on both ends of the genome reverted with high frequency back to dlE1,3-1. The mechanism by which dlE1,3-1 arose was explained by a combination of homologous recombination and in vivo ligation of the plasmid and genomic components of the cotransfection that were digested with ClaI. 18 Hehir et al reported the characterization of an RCA that arose through homologous recombination between the rAd they were trying to construct and the 293 cellular genome. 17 Through detailed sequence analysis, they were able to confirm that three RCAs consisted of Ad2/Ad5 chimeras with Ad2 sequences flanking 2.6 -3.8 kb of Ad5 DNA. The homologous recombination events that resulted in these RCAs restored the E1 sequences derived from the 293 cellular genome (which contains Ad5 DNA) in an Ad2-based rAd, rendering it replication-competent. The previously published constructs described above could be attributed to defined homologous recombination events. In contrast, Ad.ihB7-1 seems to have resulted from nonhomologous recombination events. Nonhomologous recombination between adenovirus DNA and cellular DNA has been described for Ad12 and Ad5. Deuring et al describe an Ad12/cellular DNA chimera (symmetric recombinant 1) that consists almost entirely of cellular DNA flanked by 700-1150 bp of the 5Ј end of the Ad12 genome in a large inverted repeat of the type ABCDDЈCЈBЈAЈ. 19 This construct was stable through serial passage for years. Further analysis of a second construct (symmetric recombinant 2) revealed that 2081 bp of the left terminus of Ad12 were linked directly to cellular DNA. 20 Interestingly, this additional DNA extended the ORF of E1b for an additional 66 aa, although the resulting hypothetical protein was not isolated.
The appearance of Ad.ihB7-1 instead of Ad.hB7-1 seems unlikely, given the number of recombination events that must occur. Therefore, we hypothesized that a rare event was amplified by a growth advantage for the virus with a genome size closer to that of wt Ad5 and containing part of E1a. However, the competition assay indicates no significant growth advantage for Ad.ihB7-1 over Ad.mB7-1. Despite the lack of any apparent advantage for the incorporation of additional DNA in a rAd of this size, we have also isolated Ad.mB7-1 recombinants that contain a functional mouse B7-1 gene and that also include additional DNA (Յ2 kb) at the 5Ј end. However, the other three hB7-1-positive plaques from the initial cotransfection of pAdCMVhB7-1 and dl7001 have the correct Ad.hB7-1 sequence.
The appearance of Ad.ihB7-1 highlights the need for careful analysis of rAd stocks constructed for clinical use. Despite functional analysis indicating that Ad.ihB7-1 was able to function in the manner intended, detailed sequence analysis indicated the unusual structure that has been described. Sequencing of the "minigene cassette" (promoter/enhancer, transgene, and polyadenylation signal) alone would not reveal this abnormality. Although Ad.ihB7-1 seems to be replication-defective, the consequences of the arrangement of the constitutive fragments and the extension of the E1a ORF are not known. rAd stocks must be carefully analyzed before clinical use to detect subpopulations of RCAs and rearranged rAds.
